demonstrated experimentally an additional mechanism through which adaptive changes in bill morphology may arise. They found that European Starlings, Sturnus vulgaris, are able to adjust strategically both bill-wiping frequency and choice of wiping substrate dependent upon the requirement to hone the bill. However, the extent to which the bill is abraded by, for example, bill-wiping is dependent upon the mechanical properties of the bill, in particular upon its ability to resist wear. We present here an analysis of the hardness of melanic and non-melanic bill keratin. We then discuss the implications of our results for trade-offs between wear resistance, growth rate, and plasticity.
The link between avian bill morphology and feeding ecology, in a between-species context, has long been acknowledged by ornithologists. More recently, there has been a growing appreciation of the changes in bill morphology which occur within individuals, often on a seasonal basis (e.g., Clancey 1948; Davis 1954; Hulscher 1985; Gosler 1987a Gosler , 1987b Morton and Morton 1987; Matthysen 1989 ). The outer surface of the bill, the rhamphotheca, is a continuously growing structure in most birds (Stettenheim 1972 ) so bill morphology is determined by rates of both growth and wear. Within-individual changes in bill morphology have been viewed either as passive reflections of changes in dietary protein content (e.g., Morton and Morton 1987) Witter and Cuthill (1992) demonstrated experimentally an additional mechanism through which adaptive changes in bill morphology may arise. They found that European Starlings, Sturnus vulgaris, are able to adjust strategically both bill-wiping frequency and choice of wiping substrate dependent upon the requirement to hone the bill. However, the extent to which the bill is abraded by, for example, bill-wiping is dependent upon the mechanical properties of the bill, in particular upon its ability to resist wear. We present here an analysis of the hardness of melanic and non-melanic bill keratin. We then discuss the implications of our results for trade-offs between wear resistance, growth rate, and plasticity.
METHOD
Hardness testing. Hardness testing is a rapid method of gauging the mechanical competence of a material. It has the advantage that small, irregularly shaped specimens can be tested. The procedure involves the application of a pyramidal indentor to the test piece under constant load. The dimensions of the indentation remaining after removal of the load are proportional to the depth to which the indentor has penetrated. However, with viscoelastic materials, such as keratin, one must be careful to eliminate the effects of creep after load removal, because the indentation will rapidly decrease in size for a short period of time, and will then remain at constant dimensions indefinitely. It is therefore necessary to define rigorously the loading conditions under which the tests are carried out.
PROCEDURE
The bills of ten birds were used for the hardness tests. Five individuals had melanic, black bill tips. The remaining birds had non-melanic, pale bill tips. All birds had been kept frozen at -20°C after death. Sections of the rhamphotheca, measuring approximately 1.5 x 5.0 mm, were cut just posterior to the bill tip. These sections were then bonded to squares of perspex, with the outer bill surface uppermost, using cyanoacrylate adhesive. The hardness tests were performed using a Leitz miniload microhardness testing machine. The procedure follows that of Hillerton et al. (1982) . A load of 5 g was used in all tests. The indentor was applied for 15 set, and a further 45 set was allowed to elapse before the diagonals of the indentation were measured. This procedure was adopted to minimize discrepancies due to creep (see above). Ten such indentations were applied per specimen, all within 1 mmz. Hardness (VHN) was calculated according to the formula:
where P is the load (g) and d is the mean length (wm) of the diagonals of indentation. The mean hardness, from the ten indentations performed on each section, was used in the analysis.
RESULTS AND DISCUSSION
In agreement with our hypothesis, melanic bill sections were significantly harder than non-melanic sections (1, = 4.03, P = 0.005 1) (Fig. 1) . This implies that melanic keratin would undergo less wear under similar abrasive regimes.
The levels of abrasion which Starlings experience in the wild will fluctuate due to diet composition and the substrate from which the food is obtained. Previously, it has been argued that bill morphology can be maintained under changing conditions of abrasion by varying growth rate and the degree of abrasion due to billwioine (ea.. Such changes in bill hardness are also expected to influence decisions regarding bill-wiping behavior because the wear per wipe would be less for a melanic bill. This may entail significant costs, including reduced awareness of surrounding stimuli and "lost opportunity" due to the time and energy expended performing the activity (Witter and Cuthill 1992). However, resulting changes in overall wiping frequency would also be predicted to depend on both growth rate and nonwiping abrasion, both of which may change in tandem with bill coloration. Clearly, this needs to be examined experimentally by simultaneously monitoring bill hardness, growth rate and wiping frequency under different abrasion regimes, as employed by Cuthill et al. 
